989 


Nl  Form  Appro'Jedl  ^ 

11  0MB  No.  O^hs^ 

PubHo  r«por4no  burdvn  for  tM«  coliocti'  •  tim*  for  roviowinj  intCructiora.  OMrcNno  oxisiing 

gothorloQ  mwI  maintiinlng  tho  data  na«>  imanca  ra^ardlng  tM«  burdan  aatimata  or  arty  oihar  atpact  of  Ova 

coltaolion  of  informalton.  Inducing  tug  . ..^uMiuifa  aarvicat.  Diracurala  for  information  Oparatiorta  artd  Raports.  1218  Jaffaraon 

Oavla  Mghwapy.  Suita  1204.  Arlington,  Atf^u2-4302.  and  to  tha  Offica  of  Martagamant  and  Budgat.  Paparwork  Raduction  Projact  (0704-01981.  Waahington,  DC  20603 


1.  AGENCY  USE  ONLY  bt^nk)  2.  REPORT  DATE  3.  REPORT  TYPE  AND  DATES  COVERED 

July  1994  FINAL 


4.  TITLE  AND  SUBTITLE  5.  FUNDING  NUMBERS 

Temperature  dependence  of  the  electromechanical  properties  of  0-3  PbTiO,- 

polymer  piezoelectric  composite  materials  PE  -  61 153N 

TA  -  RROll 
WU  -  DN580-030 

6.  AUTHOR(S) 


Kurt  M.  Rittenmyer 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

NAVAL  RESEARCH  LABORATORY 
UNDERWATER  SOUND  REFERENCE  DETACHMEN' 
P.O.  BOX  568337 
ORLANDO.  FL  32856-8337 


9.  SPONSORING/MONITORING  AGENCY  NAMEISI  AND  ADDRESSI 

OFFICE  OF  NAVAL  RESEARCH 
800  N.  QUINCY  ST. 

ARLINGTON,  VA  22217-5000 

I 


1 1 .  SUPPLEMENTARY  NOTES 

Published  in  JASA  96  (1),  July  1994,  pp.  307-318. 


DTIC 


AUG  0  8  1994 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


.SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER 


12a.  DISTRIBUTION/AVAILABILITY  STATEMENT 


12b.  DISTRIBUTION  CODE 


Approved  for  public  release;  distribution  unlimited. 


13.  ABSTRACT  (Maximum  200  words) 

The  electromechanical  properties  of  0-3  ceramic-polymer  composite  piezoelectric  materials  manufactured  by  NTK 
Corporation  in  Japan  have  been  measured  as  a  function  of  temperature  using  several  techniques.  The  elastic,  dielectric, 
and  piezoelectric  constants  were  measured  by  fitting  the  complex  admittance  vs  frequency  spectrum  to  a  model  of  a 
piezoelectric  resonator  near  the  electromechanical  resonance  [Xu  et  al.,  J.  Wave  Mater.  Interact.  2,  105-181  (1987)]. 

These  properties  are  shown  to  vary  significantly  with  temperature  as  a  result  of  the  glass-transition  region  of  the  polymer 
phase.  These  theory  of  viscoelasticity  in  polymers  discussed  by  Ferry  (WLF  theory),  which  explains  the  influence  of  the 
glass  transition  on  the  elastic  properties  of  polymers,  is  used  to  describe  temperature  dependence  of  the  elastic  and 
dielectric  properties  of  the  composite  materials.  The  temperature  dependence  of  the  dielectric  permittivity  is  shown  to  be 
similar  in  form  to  the  temperature  dependence  of  the  elastic  properties.  The  application  of  the  time-temperature 
superposition  principle  for  shifting  experimental  data  to  account  for  differences  in  measurement  frequencies  and 
temperatures  is  demonstrated.  These  measurements  are  compared  with  independent  elastic  property  measurements  and  with 
results  from  thermal  analysis.  They  are  found  to  be  consistent.  The  observed  properties  can  be  related  to  the  structure  of 
the  composite  material. 


14.  SUBJECT  TERMS 


Ceramic-polymer  composite 
Viscoelasticity 


Piezoelectricity  Time-temperature  superposition 
Dielectric  Elastic  properties 


17.  SECURITY  CLASSIFICATION 
OF  REPORT 


UNCLASSIFIED 


bi.-t  ICBiil  IWiTil.i.-f  |T»1 


18.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 


15.  NUMBER  OF  PAGES 


16.  PRICE  CODE 


118.  SECURITY  CLASSIFICATION  OF  20.  LIMITATION  OF  ABSTRACT 
ABSTRACT  SAR 

UNCLASSIFIED 


tandwd  Form  . 

PraacritMd  by  ANSI  Std  239-18 
298-102 


Temperature  dependence  of  the  electromechanical  properties 
of  0-3  PbTiOs-polymer  piezoelectric  composite  materials 

Kurt  M.  Rittenmyer 

Naval  Research  l.ahoraiorv,  L'lutenvaler  Situiul  Refereiiee  lielaehmenl.  I‘<>.  Hux  Orlando.  Honda 

(Received  24  September  IW.l;  accepted  (or  publication  16  March  1W4) 


The  electromechanical  properties  of  0-3  ceramic-polymer  composite  piezoelectric  materials 
manufactured  by  NTK  Corporation  in  Japan  have  been  measured  as  a  function  of  temperature  using 
several  techniques.  The  elastic,  dielectric,  and  piezoelectric  errnstants  were  measured  by  fitting  the 
complex  admittance  vs  frequency  spectrum  to  a  model  of  a  piezoelectric  resonator  near  the 
electromechanical  resonance  [Xu  e/ «/.,  J.  Wave  Mater.  Interact.  2.  lO.S-lSl  (10S7)],  These 
properties  are  shown  to  vary  significantly  with  temperature  as  a  result  of  the  glass-transition  region 
of  the  polymer  phase.  The  theory  of  viscoelasticity  in  polymers  discus.sed  by  Ferry  (WLF  theory), 
which  explains  the  influence  of  the  glass  transition  on  the  elastic  properties  of  polymers,  is  used  to 
describe  the  temperature  dependence  of  the  elastic  and  dielectric  properties  of  the  composite 
materials.  The  temperature  dependence  of  the  dielectric  permittivity  is  shown  to  be  similar  in  form 
to  the  temperature  dependence  of  the  elastic  properties.  Fora  material  with  larger  filler  particles,  the 
temperature  dependence  corresponds  exactly.  For  materials  containing  smaller  particles,  the 
magnitude  of  the  time-temperature  superposition  shift  parameters  are  not  consistent  for  the  different 
properties.  The  application  of  the  time-temperature  superposition  principle  for  shifting  experimental 
data  to  account  for  differences  in  measurement  frequencies  and  temperatures  is  demonstrated.  These 
measurements  are  compared  with  independent  elastic  properly  measurements  and  with  re.sults  from 
thermal  analysis.  They  are  found  to  be  consistent.  Values  for  Poisson's  ratio  are  calculated  using 
independent  measurements  of  the  elastic  constants  |  and  The  observed  properties  can  be 
related  to  the  structure  of  the  composite  material. 

PACS  numbers;  43.38.Ar,  43.38.Fx,  43.30.Yj 


INTRODUCTION 

A  method  for  measuring  electromechanical  properties  of 
mechanically  lossy  materials  was  described  by  Xu  ci  at. ' 
Since  many  new  piezoelectric  composite  materials  intended 
for  transduction  applications  consist  of  a  piezoelectric  ce¬ 
ramic  embedded  in  a  polymer  material,  the  behavior  of  their 
elastic  properties  is.  in  many  respects,  similar  to  that  of  con¬ 
ventional  carbon-loaded  polymers.  This  is  particularly  true  of 
the  NTK  piezoelectric  composite  materials  which  are  com¬ 
posite  materials  consisting  of  lead  titanate  particles  embed¬ 
ded  in  a  polychloroprene  rubber.  They  are  manufactured  by 
NTK  Corporation  which  is  a  subsidiary  of  NGK  Spark  Plug 
Company  Ltd  of  Japan.  The  diameter  of  the  particles  of  ce¬ 
ramic  in  NTK  30.*'^”  (Trademark  of  NTK  Corp.)  are  ap¬ 
proximately  five  times  the  diameter  of  the  particles  in  NTK 
.306^'’  (Trademark  of  NTK  Corp.),  which  are  on  the  order  of 
3-4  /xm.  The  materials  differ  in  color  and  hence,  the  poly¬ 
mer  pha.ses  are  undoubtedly  different. 

The  temperature  dependence  of  the  elastic  properties  of 
polymers  is  largely  determined  by  the  location  and  extent  of 
the  glass-transition  region  of  the  polymer  phase,  as  described 
in  numerous  texts  on  viscoelasticity.'  ’’  The  elastic  proper¬ 
ties,  in  turn,  influence  the  traasduction  characteristics  of  the 
material;  it  is,  therefore,  important  to  quantify  the  elastic, 
dielectric,  and  piezoelectric  properties  of  these  materials  in 
order  to  systematize  design  procedures  for  transduction  ap¬ 
plications. 

The  following  article  describes  measurements  of  the 
temperature  dependence  of  the  elastic,  dielectric,  and  piezo¬ 


electric  properties  of  the  NTK  0-3  composite  materials.  The 
"0-3”  designates  the  dimensionality  of  each  phase.  The  "0" 
implies  that  the  ceramic  phase  is  connected  in  no  dimension 
while  the  "3"  indicates  connectedness  in  3  dimensions  for 
the  polymer  pha.se.  These  results  are  compared  with  mea¬ 
surements  of  the  thermal  properties  using  differential  scan¬ 
ning  calorimetry  and  with  two  independent  measurements  of 
elastic  stiffness. 

I.  VISCOELASTIC  THEORY 

A.  Definitions  of  complex  elastic  constant  functions 

The  theory  of  viscoelasticity  in  homogeneous  polymeric 
and  filled  polymeric  materials  is  de.scribed  in  detail  in  nu¬ 
merous  textbooks  and  articles.'  ^  Most  unoriented  polymers, 
including  the  ones  considered  here,  are  isotropic  and  their 
elastic  properties  are  described  by  complex  functions  of  fre¬ 
quency.  For  discussion  purposes  only,  we  assume  the  NTK 
materials  are  elastically  i.sotropic.  This  assumption  will  not 
be  applied  except  for  rough  estimation.  A  description  of  the 
actual  parameters  measured  is  given  in  the  next  section.  For 
dielectric  and  elastic  properties,  this  assumption  is  not  unrea¬ 
sonable  since,  unlike  polyvinylidene  fluoride  (PVDF),  the 
material  is  isotropic  prior  to  poling.  If  the  electromechanical 
coupling  is  fairly  low.  the  anisotropy  in  the  dielectric  and 
elastic  properties  will  only  be  on  the  order  of  a  few  percent. 
The  complex  shear  modulus  may  be  written  in  the  form. 

(j*{  m)  =  G' { (o)  +  iG"{  w)  =  G ' {  1  +  /  tan  ),  ( I ) 

while  the  complex  bulk  modulus  is  expressed  as. 
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K’^iio)  —  K' {w)  + iK  "{  lo)  -  K' {  \  ^  I  Uin  (2l 


The  superscript  asterisk  indicates  a  complex-valued 
property  consisting  ot  a  real  part,  labeled  as  single-primed 
characters,  which  relates  the  strain  in  phase  with  the  applied 
harmonic  stress  to  the  applied  stress  itsell,  and  the  double- 
primed  quantities,  which  represent  the  ratio  of  strain  that  is 
out  of  phase  w  ith  applied  stress  to  the  applied  stress.  Tan 
and  tan  4,,^  are  the  loss  tangents  associated  with  shear 
modulus  and  bulk  modulus,  respectively.  For  isotropic  mate¬ 
rials,  the  elasticity  tensor  is  fully  described  by  two  indepen¬ 
dent  elastic  mt)duli.  The  shear  and  bulk  moduli  are  ca)m- 
monly  u.sed  together.  Other  ela.sticity  functions  of  interest 
which  can  be  expressed  in  terms  of  f/tw)  and  Kiuy)  include 
Young's  modulus. 


/•.'*(  OJ  )  =  £'  'l  w)  -t-  //;  "t  w)  — 


and  the  bulk  longitudinal  or  plane-wave  modulus, 

M*{w)  =  M '  +  iM"{  tji)  =  K*(  (u)  +  (oj). 

(4) 


If  two  of  the  elasticity  functions  are  known,  the  other  two 
can  be  calculated  using  Eq.s.  (.1)  and  (4).  The  shear  modulus 
and  Young's  modulus  are  related  by 

f:*(tu)  =  2(l  +  r)0’*(w).  (5) 

If  the  temperature  of  the  polymer  is  in  the  rubbery  region, 
Poisson's  ratio  i>  virtually  equals  0.5,  so  to  close  approxima¬ 
tion. 


of  the  N  TK  O-.f  composites  are  only  slightly  anisotropic  and 
the  approximate  relationships  dclined  in  liqs.  (7)  and  (Si)  are 
not  unreasonable.  However,  for  a  highly  anisotropic  compos¬ 
ite  material,  such  as  one  constructed  from  rods  or  libers 
aligned  in  a  single  direction,  the  shear  modulus  and  plane- 
wave  modulus  vxill  vary  significantly  depending  on  the  di¬ 
rection  of  the  applied  stress.  I'he  appropriate  tensor  formal¬ 
ism  is  required  for  such  materials." 

The  relaxation  mechanisms  in  polymers  are  not  gener¬ 
ally  simple  but  usually  can  be  modeled  by  assuming  the 
relaxation  times  to  be  statistically  distributed  in  some  fash¬ 
ion.  For  the  shear  modulus,  the  statistical  distribution  is  de¬ 
scribed  by  the  relaxation  spectrum  //( r)  which  is  related  to 
the  real  and  imaginary  components  of  the  shear  modulus  by 
the  integral  equations. 

f  '  a)~ir 

- - T- //(  7-)r/(  log  rl  (y) 

J  ,  (  I  +  ) 

and 

f  '  (UT 

Wt  7b/(  log  7).  (10) 

J  ,  {  \  +W-T) 

Information  about  the  relaxation  spectrum,  which  is  of¬ 
ten  assumed  to  be  a  Gaussian  distribution,  can  be  obtained 
by  a  variety  of  measurements  including  those  of  the  vis¬ 
coelastic  properties.  Expressions  such  as  Eqs.  (d)  and  (10) 
for  the  other  elastic  moduli  are  given  in  the  texts  by  Ferry 
and  Bailey  el  al.' 


f;*(to)  =  .'?6'*(to).  (6) 

and  one  measurement  of  either  £  or  Ci  in  addition  to  one 
measurement  of  either  K  or  M  will  determine  all  four  elastic 
moduli  at  one  particular  frequency. 

In  the  analysis  that  follows,  the  thickness  modes  of  thin 
circular  plates  and  transverse  length-extensional  modes  of 
thin  bars  of  two  piezoelectric  composite  materials  are  exam¬ 
ined  at  temperatures  in  the  rubbery,  glass,  and  transition  re¬ 
gions.  The  elastic  properties  of  the  composite  materials  dis¬ 
cussed  here  are  nearly  isotropic  and  determined,  to  a  large 
extent,  by  the  elastomer  phase.  Therefore,  in  the  rubbery 
region  of  the  polymer,  the  value  of  the  bulk  modulus  K(w) 
and  the  plane-wave  modulus  Miuj)  of  the  composite  material 
are  nearly  equal  to  and  relate  directly  to  measurements  of 
the  fundamental  thickne.ss  resonance.  The  bulk  longitudinal 
wave  speed  associated  with  the  thickness  drive  is  given  by 

r',  =  (c"/p)'  -  =  [M'(ru)/p]'  -.  (7) 

For  materials  that  are  nearly  elastically  isotropic,  the 
value  of  Young's  Modulus  £(w)  is  virtually  equal  to  the  re¬ 
ciprocal  of  the  elastic  compliance,  (5^,)  ',  and  is  directly 
related  to  the  extensional  wave  speed  in  a  thin  rod  by 

r*,!  ru)  =  [p.v^',(  (u)]  '  ■  =  [£(w)/p]'  ",  (X) 

where  p  is  the  density  of  the  material.  If  any  sample  dimen¬ 
sion  is  close  to  a  wavelength  (i.e..  if  the  sample  is  not 
“thin"),  then  the  plane-wave  modulus  is  appropriate  since  it 
accounts  for  the  lateral  clamping  of  the  extensional  mode 
that  is  present  under  such  conditions.  The  elastic  properties 


B.  Effect  of  glass  transition  on  mechanical  properties 

The  glass  transition  in  polymers  can  be  studied  by  ex¬ 
amining  resonance-relaxation  phenomena  in  the  elastic  and 
dielectric  properties  that  are  associated  with  this  second- 
order  phase  transition.  At  low  temperature,  the  polymer  is 
glasslike  with  high  elastic  moduli  and  low  mechanical  losses. 
As  the  temperature  is  increased  into  the  transition  zone,  the 
real  part  of  the  elastic  moduli  will  decrease  and  the  mechani¬ 
cal  loss  w'ill  increase  before  reaching  a  peak  which  defines 
(he  actual  glass-transition  temperature  .  The  mechanical 
loss  then  decreases  somewhat  as  temperature  increases  into 
the  rubbery  region.  For  highly  damped  materials,  the  loss 
will  decrease  only  moderately  as  the  temperature  is  raised, 
and  the  transition  in  the  real  part  of  the  modulus  appears  at  a 
lower  temperature  relative  to  the  peak  in  the  loss  modulus. 
For  materials  with  low  damping,  the  loss  modulus  decreases 
back  toward  the  values  at  low  temperatures  and  the  peak  in 
the  loss  occurs  very  near  the  temperature  at  which  the  relax¬ 
ation  in  the  elastic  modulus  is  centered. 

The  behavior  of  the  dielectric  properties  of  some  poly¬ 
mers  often  mirror  the  behavior  of  the  elastic  properties  over 
certain  regions  of  the  frequency  spectrum. This  occurs 
when  the  motion  of  the  main  chain  segments  of  the  polymer 
control  both  dielectric  and  elastic  properties.  In  this  case,  the 
shift  function,  «/(£).  can  be  determined  from  either  dielec¬ 
tric  or  ela.slic  constant  mea.surements.  However,  this  may  not 
be  true  over  wide  regions  of  frequency,  especially  for  more 
complex  and  highly  reinforced  polymers.  Motion  of  the  side 
chains  and  interfacial  effects  often  dominate  the  dielectric 
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properties  in  this  case.  This  assumption  may  be  even  less 
valid  for  the  highly  polar  particles  of  ferroelectric  ceramic 
tiller  contained  in  the  composite  materials  considered  here. 
For  this  reason,  the  shift  factor  determined  from  dielectric- 
data  is  denoted  as  />/(?').  If  the  functional  forms  of  the  shift 
factors  are  the  same,  can  be  substituted  for  «/(  '/’)  in 

the  equations  discussed  below,  although  the  coefficients  in 
the  equations  may  vary  between  dielectric  and  elastic  mea¬ 
surements. 

Above  the  glass-transition  temperature,  the  elastic  prop¬ 
erties  of  many  polymers  vary  with  relaxation  time  r  and 
consequently  with  frequency  w  in  the  manner  described  by 
the  Williams-Landel-Ferry  (WLF)  equation." 


log  « 7")  =  In 


UtT 

‘^(1^11 


T-r„) 


ill) 


The  shift  factor  describes  the  shift  in  the  relaxation 
time  induced  by  a  change  in  temperature.  The  empirically 
determined  constants  c"  and  c"  are  material  parameters  but 
do  not  vary  widely  over  particular  classes  of  polymers.  Here, 
7',,  is  the  dilatometric  (nonequilibrium)  transition  tempera¬ 
ture.  The  function  or(T)  can  be  determined  by  matching 
measurements  made  over  a  fixed  range  of  frequencies  at  nu¬ 
merous  different  temperatures.  The  value  of  T",,  can  be  deter¬ 
mined  by  fitting  experimental  data  to  Eq.  (11)  but  it  may  be 
initially  approximated  by  assuming  it  is  50  "C  above  ac¬ 
cording  to  Ferry."  Examination  of  Eqs.  (9)  through  (II) 
.shows  that  the  characteristic  relaxation  times  t,  only  occur  as 
products  with  the  frequency  w.  The  relationship  between  re¬ 
laxation  time,  frequency,  and  temperature  is  therefore  de¬ 
fined  by  Eqs.  (9)  through  (11)  for  temperatures  above 
Above  the  glass-transition  temperature,  the  difference  in  the 
thermal  expansion  of  the  material  between  the  glassy  state 
and  the  rubbery  state  results  from  free  volume  created  in  the 
structure  due  to  thermal  motion.  This  free  volume  is  respon¬ 
sible  for  the  observed  relaxation  in  the  electromechanical 
properties.  An  additional  contribution  to  the  free  volume,  and 
con.sequently  to  the  relaxation  time,  results  from  the  non¬ 
equilibrium  contributions  caused  by  the  finite  time  required 
in  either  dynamic-mechanical  or  thermal  measurements.  This 
Arrhenius-like  contribution,  important  below  .  can  be  in¬ 
cluded  in  the  right-hand  side  of  Eq.  (11).  Corrections  which 
generalize  the  WLF  equation  to  cover  a  range  of  temperature 
below  have  been  described  by  Rusch  and  Beck.’  This  is  a 
special  ca.se  of  many  other  relaxation  mechanisms  that  gen¬ 
erally  follow  an  Arrhenius-type  dependence  on  temperature. 
The  constant  A  ^  is  sometimes  interpreted  as  an  energy  that  is 
required  to  overcome  attractive  forces  and  activate  a  “hop¬ 
ping”  motion  which  ultimately  relaxes  as  the  frequency  of 
the  thermal  motion  increases.  This  interpretation  is  often  too 
simple,  although  for  many  cases  the  equation  is  experimen¬ 
tally  valid.  The  shift  factor  is  described  by 


Ati\  n 

where  k  is  Boltzman's  constant,  is  the  reference  tempera¬ 
ture,  and  a 7^  is  the  elastic  shift  factor.  Again,  Ay  may  or  may 
not  be  the  same  for  dielectric  and  elastic  properties. 


C.  Effect  of  filler  materials  on  the  elastic  properties  of 
polymers 

Composite  materials  such  as  NTK  ,^05  and  NTK  .^()(>  are 
actually  filled  polymers  where  the  filling  material  PbTiO,,  is 
ferroelectric.  For  NTK  .M)(>.  the  diameter  of  the  tiller  par¬ 
ticles  is  of  the  order  of  .'^-4  /um  which  is  approximately  a 
factor  of  five  smaller  than  that  of  NTK  ,')()5.  The  influence  of 
adding  filler  materials  on  the  elastic  properties  of  polymers 
has  been  previously  studied." 


II.  EXPERIMENTAL  PROCEDURE 
A.  Summary  of  measured  properties 

The  thermodynamic  glass  transition  temperatures  of 
both  NTK  .^05  and  NTK  .406  were  determined  from  mea¬ 
surements  of  the  enthalpy  of  transition  using  a  Perkin-Elmer 
model  DSC-4  differential  scanning  calorimeter  and  scanning 
from  -(r()°C  to  4-20  °C.  The  electromechanical  properties 
of  the  two  composite  materials  produced  by  NTK  Corpora¬ 
tion  in  Japan  were  measured  using  the  resonance  technique 
described  in  Ref.  1.  Measurements  were  performed  over  the 
temperature  range  from  -70  °C  to  +50  °C  at  increments  of 
ten  degrees  except  near  the  glass-transition  temperature  re¬ 
gion  where  the  increment  was  reduced  to  five  degrees  in 
order  to  define  the  transition  more  precisely.  The  method  is 
applicable  to  both  thickness  (TE)  modes  of  vibration  as  well 
as  transverse  length  extensional  (LT)  modes.  The  measured 
parameters  for  the  thickness  drive  include  the  electrome¬ 
chanical  coupling  factor  k , ,  the  elastic  stiffness  c  ^ ,,  and  the 
clamped  dielectric  permittivity,  and  their  associated  loss 
tangents,  tan  tan^’  S„  and  tan'  respectively.  For  the 
length  extensional  drive,  the  transverse  electromechanical 
coupling  factor  k,| .  the  open-circuit  compliance  and  the 
free  dielectric  constant  .  and  each  of  their  associated  loss 
tangents  are  determined.  Since  all  of  the  parameters  are 
treated  as  complex,  a  loss  tangent  is  associated  with  each 
parameter  as  given  in  the  following  equations; 


—  1  +/  tan^’  5„,). 

(1-4) 

=.s’,(  1  -/  tan''  S,„). 

(14) 

<'t  =  f',(  I  -/  tan'  S,.). 

(15) 

e[y{  1  - i  tan'  S^.). 

(16) 

k"  =  k"(  1  +  i  tan  S/,!), 

(17) 

and 

(18) 

Therefore,  there  are  12  parameters  defined  in  Eqs.  ( 1.4)-(  18) 
that  are  determined  by  the  resonance  technique  for  each  ma¬ 
terial.  While  this  does  not  represent  the  entire  set  of  elastic, 
piezoelectric,  and  dielectric  tensor  components,  it  does  in¬ 
clude  those  that  are  pertinent  to  most  transducer  applications 
and  can  be  measured  by  the  method  of  Xu  et  al. '  The  signs 
in  the  equations  above  result  from  defining  the  time  depen¬ 
dence  of  the  energy  loss  of  the  applied  stress  as  c  '  This 
ensures  that  a  positive  loss  modulus  is  associated  with  en- 
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crgy  dissipalion  in  cither  the  elastic  nr  electric  case.  I'here- 
fore,  loss  tangents  associated  with  elastic  and  dielectric  still¬ 
nesses,  the  inverse  ol  dielectric  perniiltivity.  are  positive,  and 
loss  tangents  as.socialed  with  the  elastic  compliances  and  di¬ 
electric  permittivities  are  always  negative. 

The  prvrperty  coeflicients  described  in  I-qs.  (I3)-I1S) 
are  calculated  directly  from  the  measured  values  ol  complex 
admittance  near  the  fundamental  resonances.  I'rom  these  co- 
elticients,  the  complex  piezoelectric  coelticients  can  be  cal¬ 
culated  using  the  lormulas. 


(14) 

(20) 

(21) 

=A:-.,(.v' |/6',). 

(22) 

where  Eqs.  (14)  and  (20)  apply  to  the  thickness  resonance 
and  Eqs.  (21)  and  (22)  apply  to  the  length  extensional  reso¬ 
nance. 

An  independent  measurement  ol  the  elastic  properties 
provides  a  check  on  the  resonance  results.  In  addition,  il 
perlormed  at  dillercnt  temperatures,  this  measurement  yields 
a  irequency-independent  baseline  to  which  measurements  at 
various  frequencies  can  be  referred.  The  principle  ol  time- 
temperature  superposition  can  then  be  applied  to  correlate 
different  elastic  constant  measurements  at  various  frequen¬ 
cies  if  the  shift  parameter  a ,  is  known. 

By  applying  this  technique  to  the  composite  material 
measurements,  a  value  for  the  real  part  of  Poisson's  ratio  i>. 
defined  for  a  nearly  isotropic  material  as 


can  be  estimated  from  measurements  of  c^\  and  .v(,  made  at 
identical  frequencies.  The  value  of  Poisson's  ratio  for  con¬ 
traction  along  the  polar  axis  is  a.ssumed  to  be  equal  to  Poi.s- 
.son's  ratio  for  contraction  along  a  nonpolar  direction.  The 
two  elastic  constants  are  related  approximately  by  the  equa¬ 
tion. 


I  -  r' 


l-r'^-2(/)- 


(x^,) 


(24) 


The  time-temperature  superposition  principle  can  be  used  to 
shift  the  c^,  versus  temperature  curve  to  account  for  any 
difference  in  the  measurement  frequency  between  it  and  .v' , 
using  the  appropriate  .shift  factor.  The  short-circuit  .stiffnc.ss 
is  calculated  from  the  open-circuit  value,  c^,.  using  the 
thickness  coupling  factor  k, ,  in  the  formula, 

c^,  =  c^(l-*r) 

to  account  for  the  difference  in  boundary  conditions.  A  value 
for  Poisson's  ratio  can  then  be  calculated  using  the  product 
of  the  experimental  values  of  c^^,  and  .vf  |  and  applying  Eq. 
(25)  followed  by  Eq.  (24)  and  solving  either  directly  or  it¬ 
eratively  for  the  complex  value  of  t/  . 


B.  Experimental  procedure  for  determining 
electromechanical  properties 

riic  lollovving  procedure  was  used  to  evaluate  (he  elee- 
tromcehanieal  properties  ol  meehaniealiv  lossy  pie/oeleeirie 
materials.  The  temperature  of  the  sample  was  stabilized  in  a 
eomputer-eontrolled  oven  with  liquid  nitrogen  cooling.  The 
sample  vviis  cooled  initially  tt)  (>()  ('  and  was  then  heated 
in  lO-deg  increments  to  -t-5t)  '’C.  In  order  tv>  detect  when 
thermal  equilibrium  had  been  obtained,  the  temperature  of 
the  sample  chamber  was  monitored  w  ith  a  thermistor.  The 
measurements  of  capacitance  and  conductance  were  made 
over  a  tfequencv  range  frimt  I  -20(1  kllz.  Peaks  in  (he  dielec¬ 
tric  loss  tangent  frequently  appear  near  0  “C  in  dielectric 
measurements  due  to  the  presence  of  water  in  the  sample. 
-Samples  were  kept  in  a  desieealor  prior  to  measurements  and 
were  heated  before  the  run  to  eliminate  any  moisture.  The 
experimental  data  were  recorded  and  the  sample  was  heated 
to  the  next  temperature  ttf  interest.  The  electromechanical 
parameters  were  then  extracted  from  the  measured  data  using 
the  resonance  method  of  Xu  cl  iil.‘  In  order  to  extrapolate  the 
measured  parameters  for  the  calculation  of  Poisson's  ratio 
using  Eq.  (25).  the  appropriate  shift  factor,  us  delined  in  ei¬ 
ther  Eqs.  ( 1 1 )  or  ( 12).  must  be  determined  so  that  the  values 
of  .v^  i  and  ('n  are  known  at  the  same  frequency  and  tem¬ 
perature. 


C.  Independent  measurements  of  elastic  properties 

Measurements  of  (.V||)  '  were  also  performed  using  a 
vibrational  resonance  technique  and  then  applying  the  WEF 
techniques  to  extend  the  measurement  frequency  over  sev¬ 
eral  decades.  The  technique  is  outlined  briefly  here.  More 
detail  is  given  by  Ferry  and  Capps.  ’  For  these  measure¬ 
ments,  narrow  bars  with  nearly  square  cross  section  of  5  to 
It)  mm'  and  lengths  of  about  1.^  cm  were  cut.  The  sample 
was  attached  to  an  electromagnetic  shaker  with  accelerom¬ 
eters  glued  to  both  ends.  The  shaker  was  driven  over  a  range 
of  frequencies  from  below  the  first  resonance  (near  500  Hz) 
lit  above  7  kHz.  The  re.sonance  is  determined  when  the  dif¬ 
ference  in  pha.se  between  the  two  accelerometers  is  equal  to 
40°.  The  amplitude  ratio  and  phase  difference  of  the  accel¬ 
erometers  along  with  the  frequency  determine  both  the  real 
and  imaginary  parts  of  Young's  modulus,  (  v^  | )  '.  The  equa¬ 
tions  of  motion  can  be  solved  away  from  the  resonance  fre¬ 
quency  as  well  if  the  phase  and  magnitude  of  the  accelerom¬ 
eter  response  are  known  over  a  range  of  frequency.  Thus 
both  real  and  imaginary  parts  of  (  v'  ,)  '  can  be  determined 
over  approximately  one  decade  of  frequency.  The  appropri¬ 
ate  shift  factor  can  then  be  determined  by  matching  measure¬ 
ments  made  at  different  temperatures  which  extends  the  mea¬ 
surement  over  several  decades  of  frequency."'’  These 
measurements  were  performed  on  both  types  of  NTK  mate¬ 
rial  which  have  thin  silver  electrodes.  Unlike  the  rubber  elec¬ 
trode  svrmetimes  provided  with  this  material.  Ihe.se  electrodes 
are  highly  conductive  and  should  prevent  space-charge  ef¬ 
fects. 


310  J.  Acoust.  Soc.  Am.,  Vol.  96,  No.  1,  July  1994 


Kurt  M.  Bittenmyer:  0-  3  PbTi03-polymer  piezo  composite  materials  310 


N 

I 


(1(1  -4() 


:0  4(1  (.(( 


TEMPERATURE  (°C) 


FIG.  1.  Differential  scanning  calorimeter  measurement  of  the  rale  of  heal 
absorbed  by  an  NTK  .106  sample  as  a  function  of  temperature.  Heat  rale  was 
0.67  °C/s.  The  glass  transition  appears  to  occur  over  the  range  -.‘>0“C  to 

-.lire. 


III.  RESULTS 

A.  Differential  scanning  calorimeter  (DSC) 
measurements 

The  results  obtained  by  differential  scanning  calorimeter 
(DSC)  clearly  define  the  transition  region  for  the  piezorubber 
material.  The  rate  of  heat  absorption  for  a  sample  of  NTK 
306  with  the  electrodes  open-circuited  and  heated  at  a  rate  of 
0.67  °C/s  is  plotted  as  function  of  temperature  in  Fig.  1 .  Fig¬ 
ure  2  shows  a  similar  measurement  for  NTK  305.  The  glass 
transition  region  for  both  materials  is  centered  at  approxi¬ 
mately  -40  ’C.  The  results  are  typical  of  a  filled  polychlo- 
roprene  rubber. 

B.  Results  of  measuraments  on  NTK  305  and  NTK 
306  piezorubber 

I.  Thickness  extensional  (TE-33)  drive  parameters  for 
NTK  306;  The  fundamental  thickness  mode  series  resonance 
frequency  for  the  5.1-cm-diam  disk  of  0.320-cm-thick  NTK 


FIG.  2.  Differential  .scanning  calorimeter  mea.surcmcnt  of  rate  of  heal  ab- 
aoibed  by  NTK  305  sample.  The  heating  rate  was  (1.67  °C/s.  The  glass 
transition  appears  from  -45  °C  to  -35  'C. 


Fl(i.  3.  Series  resonance  frequency.  .  of  the  fundamental  thickness  mode 
of  a  disk  of  NTK  306  piezorubber  as  a  function  of  temperature. 


306  material  with  a  density  of  51(K)  kg/m'  is  plotted  in  Fig. 
3.  This  curve  defines  the  resonance  frequency  of  the  mea¬ 
surement  of  the  electromechanical  properties  at  each  tem¬ 
perature.  The  relaxation  in  the  ela.slic  .stiffness  is  linearly 
related  to  the  resonance  frequency  via  the  equation. 


where  r  is  the  thickness  of  the  disk.  The  elastic  stiffness  c 
and  mechanical  loss  tangent  tan'^  S„.  are  plotted  as  func¬ 
tions  of  temperature  in  Fig.  4.  The  real  part  also  shows  a 
relaxation  and  a  maximum  in  the  mechanical  loss  tangent  at 
approximately  -  8  °C.  The  temperature  dependence  of  the 
clamped  dielectric  constant  and  of  the  loss  tangent 

tan'  <5,  is  plotted  in  Fig.  5.  The  maximum  in  the  loss  associ¬ 
ated  with  the  glass  transition  is  observed  at  approximately 
-15°C. 
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FIG.  4.  Elastic  stiffness.  <■(',  (closed  symbols),  and  the  mechanical  loss 
tangent,  tan”  S„  (open  symbols),  of  NTK  .306  as  a  function  of  temperature. 
(Dashed  lines  arc  simply  guides  lo  the  eye.) 


311  J.  AcxxJSt.  Soc.  Am.,  Vol.  96.  No.  1 .  July  1994 


Kurt  M.  Rittenmyer:  0-3  PbTIOa-polymer  piezo  composite  materials  311 


TEMPERATURE  (“O 


FIG.  5.  Clamped  dielectric  constant,  tf\v  Iclosed  symbols),  NTK  3(k> 
and  the  dielectric  loss  tangent,  tan'  lopen  symbols),  as  a  function  of 
temperature. 

The  electromechanical  coupling  coefficient  kj  is  plotted 
versus  temperature  in  Fig.  6.  The  influence  of  the  glass  tran¬ 
sition  is  again  apparent.  The  lo.ss  tangent  of  the  coupling 
factor  tends  to  increase  artificially  since  fhe  model  used  for 
the  calculation  is  not  precisely  representative  of  the  physical 
situation.  This  may  be  caused  by  neglecting  frequency  varia¬ 
tions  in  the  parameters  as  well  as  sources  of  nonlinearity  in 
the  admittance  versus  frequency  data.  The  coupling  factor 
includes  not  only  the  losses  in  the  piezoelectric  c,,  or 
coefficient  as  well  as  the  dielectric  permittivity  and  elastic 
modulus,  which  are  related  by 

2  I  2  S 

1  *^22  'h2^22 

- 

‘■22^22  ^22 

but  also  contributions  from  these  inaccurate  assumptions  of 
the  model.  The  simple  circuit  model  does  not  accurately  de- 
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FIG.  6.  Square  of  the  thickncss-cxicnsional  coupling  coefficient,  k;  (closed 
symbols),  and  asMKiated  loss  tangent,  tan  (open  symbols),  of  NTK  .^)6 
as  a  function  of  temperature. 


FREQUENCY  (kHz) 


FKi.  7.  Measured  fsulid  line)  and  tilled  idashed)  eapaciiance  \s  frequenev 
an  NTK  sample  near  ihe  fundamental  thickness  m<»de  resonance.  Fhe 
tilted  line  is  determined  from  the  measured  fundamental  thickness  mode 
parameters  measured  using  the  lechnique  described  in  Ref.  1,  This  demon¬ 
strates  the  need  to  Ht  data  over  limited  ranges  »)f  frequenc\. 

scribe  all  of  the  observed  phenomena.  The  magnitude  of  this 
contribution  depends  on  the  degree  of  inaccuracy;  and  as  is 
usually  the  case,  the  assumptions  of  the  model  are  not  well 
satisfied  in  the  region  of  a  singularity  point.  Therefore,  Ihe 
model  used  in  these  calculations  is  not  accurate  at  tempera¬ 
tures  where  the  glass  transition  is  observed  for  a  given  range 
of  frequency.  While  Ihe  real  part  of  kj  appears  to  behave  in  a 
fairly  normal  manner,  the  loss  tangent  exhibits  a  rather  broad 
maximum.  There  appears  to  be  anomalously  large  values  of 
tan  4-  near  0  °C.  However,  the  increased  damping  of  the 
material  at  high  temperature  combined  with  an  asymptotic 
increase  in  capacitance  due  to  a  low-frequency  relaxation 
prevents  precise  simultaneous  fitting  of  the  capacitance  and 
conductance  data  impossible  over  a  wide  range  of  frequen¬ 
cies  (Fig.  7).  This  is  particularly  true  for  the  loss  tangent  of 
the  electromechanical  coupling  factor.  The  poor  fit  artificially 
increases  the  loss  tangent  of  kj  above  -20  °C.  The  high 
sensitivity  of  the  parameter  tan  3^2  to  small  changes  in  the 
other  five  parameters  is  shown  in  the  correlations  presented 
in  Table  I.  This  table  gives  the  percentage  in  the  parameter  in 
each  column  caused  by  changing  the  value  of  the  parameter 
in  the  row  by  1%.  Therefore,  it  gives  a  sense  of  the  errors 
involved  in  the  fitting  of  the  data.  Elastic  and  dielectric  data 
seem  to  behave  in  an  expected  manner  as  does  Ihe  real  part 
of  kj.  For  the  thickness  drive,  the  observed  glass  transition 
region  is  from  —20  °C  to  -t-20  °C.  For  this  range  of  tempera¬ 
tures,  the  conductance  data  are  weighted  more  heavily  than 
the  capacitance  data  because  they  behave  in  the  assumed 
manner. 

2.  Thickness  extensional  drive  parameters  for  NTK  .'?05; 
Results  for  the  measurements  of  the  fundamental  thickness¬ 
mode  parameters  for  NTK  305  were  similar  in  form  to  those 
measured  for  NTK  306,  but  there  were  significant  differ¬ 
ences  in  the  magnitudes  of  many  of  the  electromechanical 
properties.  The  series  resonance  frequency  ,  is  plotted  as 
a  function  of  temperature  in  Fig.  8.  The  resonance  frequen¬ 
cies  of  a  3.8-cm-diam  disk  are  somewhat  higher  for  NTK 
305  since  the  material  was  thinner  (0.228  cm)  and  is  slightly 
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more  compliant  as  indicated  by  the  elastic  siittncss  t  The 
density  is  53(K)  kg/m’.  The  stiffness  constant  and  mechanical 
loss  tangent  tan^’  S,„ ,  are  plotted  as  a  function  of  tempera¬ 
ture  in  Fig.  y.  The  relaxation  in  the  elastic  modulus  appears 
at  approximately  10  °C.  The  material  has  a  lower  cV,  con¬ 
stant,  but  above  the  temperature  region  where  the  glass  tran¬ 
sition  region  is  observed,  the  mechanical  loss  is  several  times 
as  high  as  that  of  NTK  306  at  these  frequencies.  The 
clamped  dielectric  con.stant  electrical  loss  tan¬ 

gent  tan'  Sf  are  plotted  in  Fig.  10.  The  transition  appears  at  a 
temperature  of  about  -5  °C  at  a  frequency  of  330  kHz.  The 
electromechanical  coupling  coefficient  squared  kj  and  asso¬ 
ciated  loss  tangent  tan  <5^:  are  plotted  as  functions  of  tem¬ 
perature  in  Fig.  II.  Both  k:  and  tan  4-  similar  in  their 
temperature  dependence,  but  not  in  magnitude,  to  the  cou¬ 
pling  parameters  of  NTK  .306.  The  magnitude  of  the  cou¬ 
pling  factor  of  NTK  305  is  about  twice  that  of  NTK  .306. 
This  is  mo.st  likely  due  to  the  larger  particle  size.  It  permits 
superior  poling  because  the  ferroelectric  domains  are  free  to 
move. 

3.  Transverse  length  thickne.ss  (LT  3-1)  drive  param¬ 
eters  for  NTK  306:  The  third  harmonic  of  the  series  funda¬ 
mental  transverse  length  thickness  mode  (3-1  mode)  reso¬ 
nance  frequency  of  a  thin  bar  (dimensions:  3.3X().4()X0.33 
cm’  at  25  °C),  poled  in  the  thickness  direction  perpendicular 
to  its  length,  is  plotted  as  a  function  of  temperature  in  Fig. 
12.  For  low  coupling  factor,  it  is  approximately  related  to  the 
elastic  compliance  by 

/^y=(36/Vti)  '  <28) 


X 


oi 


where  I  is  the  length  of  the  thin  bar  (3.3  cm,  the  width -0,20 
cm  at  room  temperature).  The  elastic  compliance  and 
mechanical  loss  tangent  associated  with  it.  are  calculated 
from  the  impedance  data  at  resonance  and  plotted  in  Fig.  13. 
For  this  mode,  the  dielectric  constant  is  measured  perpen¬ 
dicular  to  the  mode  displacement  and  the  resonance  fre¬ 
quency  of  the  LT  3-1  mode  is  well  below  the  thickness 
resonance,  ('onsequently.  the  material  is  free  of  stress  in  the 
polar  direction  and  the  appropriate  dielectric  parameters, 
and  tan*  S^.  are  calculated  from  the  measured  capacitance 
and  conductance  which  are  measured  directly  by  the  imped¬ 
ance  bridge  at  the  series  resonance  frequency  /, .  The  third 
harmonic  of  the  fundamental  resonance  frequency  was  fitted 
rather  than  the  fundamental  because  of  interference  from  a 
dielectric  relaxation  at  low  frequency,  The  values  of  ^(3/6,, 
and  tan*  4  pl‘>hed  as  a  function  of  temperature  in  Fig. 
14.  The  effect  of  the  glass  transition  also  causes  a  relaxation 
in  the  dielectric  stiffnes.s.  or  an  equivalent  increase  in  the 
dielectric  con.stant  as  the  temperature  is  increased.  (Dielectric 
stiffness  is  the  reciprocal  of  the  dielectric  permittivity.)  The 
transverse  electromechanical  coupling  factrtr  squared  of 
NTK  .306  is  plotted  as  a  function  of  temperature  in  Fig.  15 
along  with  the  calculated  loss  tangent  tan  ■  The  trans¬ 
verse  coupling  factor  is  very  small  (less  than  )  and  too 
highly  damped  at  higher  temperatures  to  be  accurately  ana¬ 
lyzed.  Some  estimate  of  the  parameter  can  be  made  at  lower 
temperatures.  The  loss  tangent  is  undoubtedly  inaccurate. 
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FIG.  8,  The  scries  resonance  frequency  of  the  fundamental  thickness  mode 
of  a  disk  of  NTK  3(15  as  a  function  of  temperature. 


FIG.  V.  Elastic  stiffness,  <  (closed  symhols),  and  mechanical  loss  tangent 
lan*‘  <i,„  (open  symbols),  of  NTK  .305  as  a  function  of  temperature. 


313  J.  Acoust.  Soc.  Am.,  Vol.  96,  No.  1,  July  1994 


Kurt  M.  Rittenmyer:  0-3  PbTiOa-polymer  piezo  composite  materials  313 


•KO  MJ  -50  -  40  0  20  40  60 


TEMPERATURE  (X) 


FIG.  1(1.  Clamped  dielectric  constant.  (closed  symbols),  and  dielec¬ 

tric  loss  tangent  tan'  S,  (open  symbols),  of  NTK  .?()5  as  a  function  of  tem¬ 
perature. 


TEMPERATURE  (X) 


FIG.  1 1 .  The  square  of  the  cleelromeehanical  coupling  factor  (closed  sym¬ 
bols)  for  the  thickness  drive  k;  and  the  associated  loss  tangent  tan  (open 
symbols),  of  NTK  -105  as  a  function  of  temperature. 
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FIG.  1.1.  Reciprocal  clastic  compliance,  (s^i)  '  tcloscd  symbols),  and  me¬ 
chanical  loss  tangent,  tan^  (open  symbols),  ol  NTK  .lllb  as  a  function  of 
Icmperaiure. 


•100  -80  -  60  -40  -20  0 


TEMPERATURE  (X) 

FIG.  14.  Free  dielectric  constant.  (closed  symbols),  and  dielectric 

loss  tangent,  tan^  S,  (open  symbols),  of  NTK  .106  as  a  funclitm  of  tempera' 
lure. 
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FIG.  12.  Transverse  length  thickness  third  harmonic  (LT  .1-1  mode)  rcso-  FIG,  15.  Square  of  the  transverse  electromechanical  coupling  coefficient, 

nance  frequency,  ,  as  a  function  of  temperature  of  a  thin  bar  of  NTK  .KIb  *5i  (closed  symbols),  and  asscKiatcd  loss  tangcni.  tan  4-;^  (open  symbols),  of 

electrically  poled  in  the  thickness  direction.  NTK  111b  plotted  as  a  function  of  temperature. 
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FICi.  If).  Scries  rcsunancc  trcqucncy  .  ol  the  third  harmonic  transverse 
length  thickness  l,T  mode  of  a  thin  bar  of  NTK  .fll5  as  a  function  of  tem¬ 
perature  from  -70°C  to  21)  °C'. 

particularly  near  the  transition  region,  tor  reasons  discussed 
before. 

4.  Transverse  length  thickness  drive  parameters  for  NTK 
305;  The  transverse  length-thickness  (LT)  resonance  fre¬ 
quency  (third  harmonic  of  the  fundamental)  of  a  thin  bar 
(dimensions;  3.3X0.4()X().23  cm'  at  25  °C)  of  NTK  305  is 
plotted  in  Fig.  16  as  a  function  of  temperature  from  -70“C 
to  -20  °C.  The  elastic  compliance  .V|  |;  free  dielectric  con¬ 
stant,  (e(,/e(i);  electromechanical  coupling  factor-squared 
and  the  associated  loss  tangents  are  plotted  in  Figs.  17- 
10.  respectively.  The  lateral  coupling  factor  of  NTK  ,305 
is  larger  than  that  of  NTK  306  but  is  still  very  small  com¬ 
pared  with  the  thickness  coupling  factor.  The  dielectric  con¬ 
stant  is  also  larger  due  to  the  larger  particle  size  of  NTK  .305. 
This  clamps  the  piezoelectric  effect  less  effectively.  The  ef¬ 
fect  of  the  glass  transition  on  the  observed  properties  is  not 
fully  apparent  because  of  the  limited  temperature  range  of 
the  measurements;  but  the  slope  of  the  curves,  particularly  of 


TEMPERATURE  (°C) 


FIG.  17.  Reciprocal  elastic  compliance,  (v^,)  '  (closed  symb»)ls).  and  me¬ 
chanical  loss  tangent,  tan^  S„  (open  symbols),  of  NTK  .lO.S  as  a  function  of 
temperature. 


TEMPERATURE!  C) 


FKi.  IS.  Free  dieleelrie  eoirvlanl.  (f!,  e,,)  lelosed  svmboKi.  .md  dieleelrie 
l*)ss  tangent  tan^  A  (opet)  svmbolsl.  of  NTK  .^fl.s  as  .i  tunelion  ol  tempera¬ 
ture. 

the  elastic  constant  and  mechanical  loss  langent.  .-hows  that 
the  effect  of  the  transition  is  imminent. 

C.  Determination  of  the  shift  function  from  dielectric 
and  elastic  constant  measurements 

The  real  and  imaginary  parts  of  the  dielectric  constants 
were  measured  over  a  frequency  range  of  1  to  2IK)  kHz.  The 
procedure  for  determining  the  shift  factor  for  determining 
elastic  properties  over  wide  ranges  r)f  temperature  and  fre¬ 
quency  is  described  in  detail  by  Ferry.'  It  essentially  involves 
shifting  measurements  of  both  real  and  imaginary  parts  of 
the  elastic  or  dielectric  properties  made  at  different  tempera¬ 
tures  over  a  set  range  of  frequency  below  the  thickness  reso¬ 
nance  such  that  they  tit  together  in  a  smooth  Debye-like 
curve.  The  piezoelectric  re.sonance  peaks  are  very  narrow 
compared  with  the  broad  relaxation  spectrum  of  the  polymer. 


TEMPERATURE  (°C) 


FIG.  m.  Square  of  (he  transverse  eleclrimieehanical  coupling  coeftieienl. 
iff  (closed  symbols),  and  associated  loss  tangent,  tan  <%:  (open  symbols),  of 
NTK  .M).S  plotted  as  a  function  of  temperature. 
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FIG.  20.  Dielectric  shift  faetiir  /) ,  as  a  lunctiirn  of  reciprocal  temperature  for 
NTK  .Vf.'i  ami  NTK  .^06. 

They  are  superimposed  on  the  dielectric  relaxation  spectra. 
The  locations  of  the  resonance  peaks  relative  to  the  dielectric 
relaxation  peak  change  as  the  temperature  is  varied.  The 
height  of  the  resonance  peaks  decreases  in  the  vicinity  of  the 
gla.ss  transition  region  where  the  mechanical  loss  is  large. 
Shifting  is  done  primarily  with  respect  to  frequency,  but 
small  vertical  shifts  are  required  to  account  for  experimental 
error  and  thermal  expansion.  These  are  insignificant  in  this 
ca.se.  For  the  dielectric  data,  the  Arrhenius-type  shift  in  Eq. 
(12)  was  found  to  fit  the  experimental  data  quite  well  over 
the  temperature  range  from  -30  °C  to  -F2()  °C,  thereby  cov¬ 
ering  the  glass-transition  region  of  the  polymer  where  the 
electromechanical  properties  are  changing  significantly.  For 
NTK  306.  the  least-squares  fit  of  log  hy  versus  T  ' '  was  lin¬ 
ear  with  a  correlation  coefficient  of  0.998  (Fig.  20).  The 
value  of  the  shift  constant,  hj/k.  in  Eq.  (12)  was  determined 
to  be  7400  °K  Eq.  (13).  Thu.s.  near  ()°C  (7',=273 '^K),  a 
decrease  in  temperature  of  10°  will  change  the  dielectric 
properties  by  the  same  amount  as  a  decade  increase  in  fre¬ 
quency.  For  instance. 


FIG.  21.  Rccipriical  clastic  cimipliancc.  ( s  1, )  '  (solid  line),  and  mechanical 
loss  tangent,  tan^  S„  (dashed  line),  of  NTK  .Dlh  measured  using  vibrational 
resonance  technique  as  a  function  of  frequency  referred  to  a  temperature  ot 

0  "C'. 

D.  Independent  elastic  property  measurements 

The  values  of  (.v^,)  '  obtained  from  the  vibrational 
re.sonance  technique  were  determined  for  both  NTK  305  and 
NTK  306.  The  time-temperature  shift  was  applied  in  both 
case.s,  and  the  data  were  seen  to  follow  ihe  Arrhenius-type  of 
shift  factor.  This  shift  factor  was  used’  to  produce  the  iso¬ 
thermal  measurement  of  .v^  ,  vs  frequency  and  loss  tangent 
shown  in  Fig.  21  for  NTK  306  and  for  NTK  305  in  Fig.  22. 
The  data  are  shifted  to  a  reference  temperature  of  0  °C. 

E.  Estimation  of  Poisson’s  ratio 

The  approximate  values  of  Poisson's  ratio,  as  estimated 
from  Eqs.  (24)  and  (25)  using  the  frequency  shifted  measure¬ 
ments  of  cjj  and  s  ^,  are  plotted  in  Figs.  23  and  24  for  NTK 
306  and  NTK  305,  respectively,  as  functions  of  temperature. 
The  frequency  shift  was  calculated  using  Eq.  (12).  The  value 
of  s , ,  was  measured  at  3 1  kHz.  In  the  case  of  NTK  306,  the 
glass  transition  causes  the  value  of  i'  to  increase  from  about 


log 


ai 

—  =7400 

£d|| 


°K 


263  °K  273  °K 


(29) 


is  close  to  unity  indicating  a  shift  of  one  decade  for  a  10° 
shift  in  temperature.  The  value  of  Aj-/k  determined  from 
measurements  of  using  the  vibration  resonance  technique 
was  94(X).'"  TTte  magnitude  of  the  ela.stic  .shift  parameter  of 
NTK  306  is  1 .5  times  that  determined  from  dielectric  data  as 
well  as  that  observed  for  carbon-filled  polychloroprene 
rubber.*^  The  free  dielectric  constant  is  only  mildly  affected 
by  the  glass  transition  because  of  the  very  small  lateral  cou¬ 
pling  factor  ki|  (approximately  1%)  of  NTK  305. 

For  NTK  305,  the  Arrhenius-type  relationship  in  Eq. 
(11)  was  also  found  to  fit  the  experimental  data  extremely 
well  with  a  correlation  coefficient  of  0.999  for  the  plot  of 
log  6^  vs  T~ '  (Fig.  20).  The  constant  A  jlk  was  calculated  to 
be  10  300  (Tr  =  293  °K),  which  is  even  larger  than  the  value 
for  NTK  306.  This  value  is  virtually  identical  to  the  value 
(10  380)  determined  from  elastic  constant  measurements. 


FREQUENCY  (Hz) 


FIG.  22.  Reciprocal  clastic  compliance,  (.v( ,)  '  (solid  lincl.  and  mechanical 
loss  tangent,  tan*^^  S„  (dashed  line),  of  NTK  .105  measured  using  vibrational 
resonance  technique  as  a  function  of  frequency  referred  to  a  temperature  of 
()  °C. 
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I  Ki.  23.  Pi)is.si)n's  raliii  i'  liir  N  TK  3(K)  al  Ircqucncy  of  1  11/  as  calculalcd 
from  mcasurcmciils  of  i  and  as  a  function  of  Icmpcralurc. 


0.43  to  0.493.  The  value  of  r  should,  of  course,  approach  0.3 
in  the  rubbery  region  above  if  the  material  is  newly  iso¬ 
tropic.  For  NTK  .403,  there  is  no  obvious  increa.se  in  i'  at  the 
glass  transition  as  observed  in  NTK  .406.  The  value  of  Pois- 
.son’s  ratio  remains  fairly  constant  at  around  0.47  and  docs 
not  vary  outside  the  error  of  the  measurement.  It  perhaps 
shows  a  slight  increase,  as  expected:  but  this  is  not  clear 
because  of  the  scatter  in  the  calculated  result.  Both  results 
indicate  that  the  material  behaves  elastically  like  a  filled  i.so- 
tropic  rubber. 


IV.  DISCUSSION 

A.  Influence  on  hydrostatic  piezoelectric  coefficients 

The  glass  transition  strongly  influences  the  elastic,  di¬ 
electric,  and  piezoelectric  properties  of  piezoelectric  com¬ 
posite  materials  including  both  NTK  403  and  NTK  .406,  This 
is  demonstrated  by  relaxation  phenomena  in  the  real  parts  of 
the  elastic  constants,  the  dielectric  permittivity,  the  square  of 
the  electromechanical  coupling  coefficients,  and  by  maxima 
in  the  loss  tangents  associated  with  some  of  these  properties. 
The  transition  in  the  real  and  imaginary  parts  of  the  free 
dielectric  constant  appears  incipient,  but  it  is  not  clearly  vis¬ 
ible  due  to  the  low  electromechanical  coupling  and  high 
damping  of  the  transverse  mode. 


4()  fJi 


TEMPERATURE  (°C) 


FIG.  24.  Poissons  ratio  v  for  NTK  30.3  al  I  Hz  calculated  frorn  measure¬ 
ments  of  Cy,  and  .s^  ,  as  a  function  of  temperature. 


rite  model  used  to  estimate  the  eleclromecliaitieal  cou¬ 
pling  par.imeters  tits  experimental  data  suecesstully  over  a 
temperature  range  from  711 '('  to  2(1  CV  Ahttve  211  (  . 
the  cttnductance  data  c;m  be  titled  well  in  the  vicinity  ol  the 
fuiidaincmal  thickness  resonance.  However,  due  to  a  lovv- 
frcqucncy  relaxation,  the  model  can  be  acetiralelv  lilted  to 
the  capacitance  dat;i  only  abttve  the  series  resonance  Ire- 
quency.  In  the  middle  of  the  observed  transition  (  1(1  to 

+  l(t°C'(,  both  capacitance  and  conductance  data  marginally 
fit  the  model.  However,  even  in  this  region,  the  computed 
values  for  the  real  and  imaginary  parts  of  the  elastic  and 
dielectric  constants  are  reastmable. 

For  temperatures  where  the  lateral  mode  is  measurable, 
the  magnitude  of  the  ratio  of  the  thickness  coupling  coefli- 
cient  ki  ttr  transverse  coupling  coefficient  A  i, .  is  on  the  order 
of  2((  for  both  NTK  403  and  NTK  406.  This  difference  indi¬ 
cates  ih;ii  the  lateral  piezoelectric  constant  r/j,  is  much 
smaller  than  i/,;  and  the  material  should  have  a  significant 
hydrostatic  piezoelectric  constant  t.',, .  since 

<//,  =  r/  V!  +  7  (/  y  I  .  ( .40 ) 

although  </,,  and  t/si  are  opposite  in  sign.  This  effect  has 
been  observed  by  experiment  using  an  acou.slic  reciprocity 
technique"  where  <//,  was  measured  to  he  40X  III  m/V  for 
NTK  .405  and  20X  10  m/V  for  NTK  .406  al  23  °C’'-  while 
Jxx  was  measured  to  be  46X10  '■  for  NTK  .405  and 
.44X  10  m/V  for  NTK  .406  also  at  23  °C.  Thus  t/.,  is  less 
than  H)%  of  t/u  tor  NTK  ,406  and  less  than  4'/  of  </,,  for 
NTK  .405.  which  is  in  good  agreement  with  the  results  of  the 
resonance  measurement. 


B.  Application  of  the  time-temperature  superposition 
principle 

The  temperature  dependence  of  the  dielectric  and  me¬ 
chanical  properties  of  both  NTK  406  and  NTK  405  is  de¬ 
scribed  by  the  Arrhenius-type  equation.  The  constant.  E*/A, 
in  Eq.  ( 12)  was  the  same  for  NTK  ,405  regardless  of  whether 
it  was  determined  from  dielectric  or  elastic  properties.  For 
NTK  ,406.  the  shift  factor  measured  electrically  was  about 
two-thirds  of  that  measured  acoustically.  By  comparison,  the 
glass-transition  temperature  as  measured  by  DSC  is  app'oxi- 
mately  -43  °C,  By  equating  the  thermal  strain  rate,  or  time 
derivative  (denoted  by  the  superposed  dot)  of  the  volume 
thermal  volume  expansion  rate  produced  in  the  DSC  experi¬ 
ment  with  the  volume  strain  rate  produced  in  the  sample  by 
the  measuring  electric  field  E  in  the  resonance  experiment, 

lVIV=a,.\f=^(li,E.  (41) 

where  is  the  volume  thermal  expansion  coefficient,  an 
estimate  can  be  made  of  the  frequency  in  the  resonance  ex¬ 
periment  which  produces  a  strain  rate  equivalent  to  that  in 
the  DSC  measurement.  Assuming  a  harmonic  field  of  the 
form. 

E  =  (.42) 

and  substituting  it  into  Eq.  (.42)  along  with  the  known  values 
of  £„  (300  V/m).  heating  rate  (0.67  °C7s),  and  piezoelectric 
di,  coefficient  (20x10  m/V  for  NTK  .406),  and  thermal 
expansion  (1.5X10  ^  °K),  one  would  expect  the  DSC  mea- 
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surement  to  correspond  to  a  resonance  measurenienl  made 
near  a  frequency  of  I  (MM)  Hz.  This  frequency  is  approxi¬ 
mately  2.  t  decades  lower  than  /,'*  .  Since  the  apparent  glass- 
transition  temperature  of  rubber  materials  shifts  about  10  °(' 
for  each  decade  of  frequency  (reference  temperature  equals 
0  ‘’O.  one  would  expect  the  transition  in  the  TE  mode  should 
occur  at  —  1 1  °C.  The  actual  data  shown  in  Figs.  3  and  4 
concur  with  these  predictions. 

The  dielectric  relaxation  associated  with  interfacial  po¬ 
larization  dominates  the  dielectric  spectra  at  frequencies  be¬ 
low  approximately  I  kHz.  This  effect  is  present  in  all  multi¬ 
phase  materials  where  the  dielectric  permittivities  and 
electrical  conductivities  of  the  various  phases  differ.  It  occurs 
at  electrode-dielectric  interfaces.  In  many  cases,  the  effects 
occur  at  such  a  sufficiently  low  frequency  that  they  often  are 
not  significant.  However,  in  the  NTK  composite  materials, 
these  effects  are  important  and  limit  the  range  of  frequency 
over  which  the  time-temperature  superposition  principle  can 
be  applied  to  dielectric  data.  However,  the  technique  is  .still 
extremely  u.seful  for  extrapolating  high-frequency  dielectric 
measurements  to  frequencies  u.sed  in  underwater  acoustic  ap¬ 
plications.  Of  course,  the  technique  is  often  used  in  extend¬ 
ing  ela.stic  property  measurements  over  wider  ranges  of  fre¬ 
quency. 

While  the  time-temperature  superposition  principle  was 
applied  successfully  to  the  dielectric  data  used  in  these  mea¬ 
surements,  it  is  not  necessarily  valid  for  extrapolating  piezo¬ 
electric  measurements.  Computing  these  parameters  using 
the  frequency-temperature  relationship  at  frequencies  away 
from  resonance  using  the  same  data  is  perhaps  possible,  but 
is  not  attempted  here.  One  would  have  to  measure  these  shift 
factors  independently.  For  NTK  305,  the  dielectric  and  elas¬ 
tic  shift  functions  are  identical  and  one  might  extrapolate  the 
measurements  to  piezoelectric  coefficients  as  well.  Such  a 
procedure  would  be  straightforward  if  the  piezoelectric  c,, 
and  Cy,  coefficients,  which  relate  dielectric  displacement  to 
strain  in  the  material,  was  independent  of  frequency.  How¬ 
ever,  direct  measurements  of  this  parameter  in  .several  piezo¬ 
electric  materials  indicate  that  it  exhibits  relaxational  behav¬ 
ior  as  well.'^  '-' 

Further  work  could  focus  on  measuring  the  piezoelectric 
properties  of  these  materials  independently  as  a  function  of 
temperature  and  determining  their  time-temperature  shift 


constants  if  possible.  These  measurements  are  more  difficult 
but  would  provide  an  important  verification  of  the  measure¬ 
ments  described  here.  Measurements  of  differenl-sizetl 
samples  of  these  materials  using  the  resonance  method 
would  also  provide  an  alternate  but  less  complete  metht)d  of 
measuring  the  frequency  dependence  of  the  electromechani¬ 
cal  properties  at  constant  temperature.  Such  information 
could  be  used  in  conjunction  with  the  time-temperature  su¬ 
perposition  principle  and  possibly  allow  for  extensive  prop¬ 
erty  measurements  over  the  relevant  portion  of  the 
temperature-frequency  plane. 
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